A method for isochromatic determination in three-fringe photoelasticity is presented. It combines the phaseshifting method with cubic polynomial curve-fitting technology to eliminate the errors caused by color repetition. We perform a demonstration of the method on a circular disc subjected to compressive loading and an injectionmolded cover with residual stresses. The test results compare well with the theoretical results.
Photoelasticity is one of the most widely used experimental methods for whole-field stress analysis in mechanics [1] . The isochromatic and isoclinic fringes correspond to the principal stress differences and their orientations, respectively. Many techniques have been developed to evaluate isochromatic fringes; they can be broadly classified into phase shifting, spectral content analysis, and the Fourier transform approach [2] . Among the various techniques, red, green, and blue (RGB) photoelasticity [3] is a useful photoelastic technique to obtain full-field isochromatic data. Since color merging occurs in RGB photoelasticity beyond three fringe orders when generic white light sources are used, it is also known as three-fringe photoelasticity (TFP) [4, 5] . The isochromatic fringe order at an interesting point in the actual model is established by comparing the values of R, G, and B at the point of interest with the calibration table. Ideally, the same test specimen and lighting conditions are used in both the calibration and the application experiments, but this is not possible in some applications. Color adaptation [6, 7] is a simple way of suitably modifying the calibration table. TFP was originally used to estimate total fringe orders up to a value of three, as beyond this point, the colors tend to merge; however, there have been attempts to push this limit [8, 9] . Although the basic principle of TFP is not complicated, it is difficult to accurately estimate all of the parameters in practice, such as quarter-wave plate error, dispersion of the stress-optic coefficient, the spectral response of the camera, the spectral composition of the light source, and the transmission response of the polariscope components [10] . The evaluation of fringe orders using the least square error method is quite simple; however, it is prone to error at some locations owing to the repetition of colors [11] . This is a major problem in TFP. This Letter concentrates on the determination of isochromatic fringe orders using a plane polariscope with a white light source. In this case, the isochromatic fringe is not affected by the isoclinic fringe or the quarterwave plate error, which occurs when using a circular polariscope [12] . Moreover, the influence of background light is eliminated. A new scanning scheme is proposed to determine the isochromatic fringe orders. The applicability of the new method in determining the fringe orders of a loaded disc and an injection-molded cover with residual stresses is demonstrated.
In conventional TFP, researchers use a circular polariscope with a white light source to obtain the full-field isochromatic data [13] . As Fig. 1(a) shows, in white light, the intensity emerging from a dark-field circular polariscope (α ¼ 90°, ξ ¼ 135°, ϕ ¼ 45°, and β ¼ 0°) can be written as [5] 
FðλÞT ðλÞI 0 ðλÞ × sin 2 δðλÞ 2 ð1 − cos 2 2θ sin 2 εÞdλ ;
where I b is the intensity of the background light, and I 0 ðλÞ accounts for the amplitude of the light vector. FðλÞ and T ðλÞ represent the spectral responses of the camera and optical elements, respectively. λ 1 and λ 2 are the spectral limits of the light source or the camera, whichever is lower. δðλÞ is the retardation and θ is the isoclinic angle of the specimen. When white light is used, the quarter-wave plate no longer provides a phase shift of π∕2 for all wavelengths, and in general behaves like a retarder. ε represents the error introduced by the quarter-wave plate. λ is the wavelength of the light. Equation (1) shows the effect of the quarter-wave plate error, which depends upon the isoclinic angle θ. In order to minimize the influence of the quarter-wave plate error, Ajovalasit et al. [12] suggested that the calibration be performed with θ ¼ 22.5°. However, if the calibration table and the point of interest have different isoclinic angles θ, the obtained isochromatic data is not accurate.
The intensity of the light transmitted through a plane polariscope in a dark-field arrangement with white light as an illumination source [5] is given by
where β r is the angle between the analyzer and the x axis. By letting I w represent the intensity of the isochromatic fringe field, we obtain
Equation (2) can be written as
The phase-shifting technique can be applied in TFP [14, 15] . Petrucci [16] used a four-step approach for isochromatic determination in a plane polariscope with white light; with this method, a set of four images with β r ¼ r × 22.5°ðr ¼ 0; 1; 2; 3Þ are obtained. The isochromatic intensity field can be separated from the isoclinic using
where I r;j ðr ¼ 0; 1; 2; 3; j ¼ R; G; BÞ correspond to pixel gray levels of the R-, G-, and B-planes for the analyzer positions of 0, 22.5°, 45°, and 67.5°, respectively.
I wR , I wG , and I wB are the R, G, and B values to be used in TFP to find the total fringe order. Due to the facts that the isoclinic parameter does not depend on the wavelength and a plane polariscope is use for imaging, the isochromatic is not affected by the quarter-wave plate error, and the background light is eliminated too. These advantages would greatly enhance the application of TFP in an industrial scenario.
During the analysis, the values of R e , G e , and B e at pixels in the specimen where the retardation has to be determined and the values of R i , G i , and B i stored in the calibration table are calculated using Eq. (5). The retardation corresponding to each set of R e , G e , and B e values can be evaluated by a comparison with the calibration table. The general procedure consists of the following:
1. Comparing the R e , G e , and B e values of the specimen with the R i , G i , and B i values stored in the calibration table by means of the error function, which is defined as
for each index i of the calibration table [3] . i ¼ 1; …; i m , i m is the number of the RGB values in the calibration table. 2. Searching the value of the index i for which e i is the minimum; therefore, the fringe order corresponding to i would be the resolved fringe order. Due to the wide wavelength spectrum response of the CCD, the repetition of colors is observed in different ranges of fringe orders [11] . It leads to the false evaluation of the fringe orders. The variation of principal stress is continuous and this has to be judiciously used to order fringes; therefore, the problem can be solved by imposing fringe order continuity. Many investigators have proposed various methodologies [17] . Ramesh [11] introduced the refined TFP (RTFP) method, where the performance of the algorithm is controlled by parameter K , in which Eq. (6) is modified as
where the additional term N p is the fringe order obtained for the neighborhood pixel to the point under consideration in the specimen, and N is the fringe order at the current checking point of the calibration table. Ajovalasit et al. [8] proposed a window search method for isochromatic fringe orders determination. The advantage of this method is that the user need not select any parameter to control the performance of the algorithm. In the window search method, only a small window centered on the previously resolved pixel is searched in the calibration table. The window search method can be expressed as
where i c is the calibration table index corresponding to the correct value of the retardation in the neighborhood of the pixel to be resolved, and Δi is the search window size. The window search method can assure the spatial continuity of the fringe order.
In the RTFP method, the user should find a neighbor whose fringe order is correct and assume this point as N p in Eq. (7) to start the fringe demodulation. In the window search method, the start pixel should be the correctly resolved pixel in the neighborhood of the pixel to be resolved. Therefore, these techniques have the limitation of a priori knowledge of the start point to determine the fringe orders. In this Letter, a simpler technique of isochromatic determination that is based on the cubic polynomial curve-guided method is presented.
Using the four-step approach in a plane polariscope with white light as a source, the calibration table containing the RGB values associated with known fringe orders can be prepared using a beam under four-point bending [5] . The influence of the fringe gradient could be incorporated easily by appropriately selecting the bending load. To demonstrate the new method, three calibration tables corresponding to 0-1, 0-2, and 0-3 fringe orders are to be obtained. In order to make the system more robust, the procedure is repeated for 100 transverse lines, and the averaged results are saved in the calibration table. Three calibration tables are to be searched until the error e i is at a minimum.
The experiment was performed on a disk under diametrical compression. The calibration beam and experimental disk are made of polycarbonate, with a material fringe value of F σ ¼ 7.8 N∕mm∕fringe. The disk is 35 mm in diameter and 4 mm thick under a load P of 196 N. An RGB camera with a resolution of 2452 × 2056 pixels is used. Four images using the four-step approach are digitized as shown in Fig. 2 , and the whole-field isochromatic is obtained using Eq. (5) . Figure 3(a) shows the resolved isochromatic fringe orders using Eq. (6) with masked regions, as the maximum resolvable fringe order in this Letter is three. Figure 3(b) shows the fringe order variation along the line cd in Fig. 3(a) . Due to the repetition of colors, point R in Fig. 3(b) has an incorrect fringe order. The variation of the error e i of point R using Eq. (6) is shown in Fig. 3(c) . One can observe that the value e A at point A is the least, but the correct fringe order is seen at point B. In order to obtain the correct isochromatic fringe orders, the preceding mentioned search procedure should be modified. Grewal et al. [18] used piecewise continuity and polynomial curve-fitting methods for isochromatic data smoothing. Although polynomial curve fitting is a good algorithm for noise separation, the original values of the isochromatic fringe orders even at the point of correct demodulation have been changed by the data smoothing method.
A cubic polynomial was fitted to the data of the calculated fringe orders of line cd, as shown in Fig. 3(b) . The difference between the fringe orders and fitted curve is calculated, and if we set a threshold value to the difference, the incorrect point R can be easily identified. For point R, the error array e i is to be searched again, excluding point A until the error is at a minimum. The implementation procedure of the cubic polynomial curve-guided method for isochromatic determination is shown in the flowchart in Fig. 4 . Initially, the fringe orders are obtained using Eqs. (5) and (6) over the model domain, and then a threshold value has to be set. The value of 0.5 is found to be suitable for most purposes. Refinement is performed only for the incorrect fringe order points. The advantage of this method is that the user need not select a seed point to start the refinement [11] . In this demonstration, because the disk is masked, the refinement in Fig. 3(a) is separated into two parts, which are shown in Fig. 3(d) . Firstly, part I is evaluated in every horizontal line, and then part II is evaluated in every vertical line (taken along the entire line from Y1 to Y2). In every horizontal line and vertical line in Fig. 3(a) , a cubic polynomial is fitted to the data to obtain an equation to determine the fringe orders. The threshold value is set to 0.5 in this Letter. Whole-field refined fringe orders mapped with the masked regions is shown in Fig. 3(e) . As Fig. 3(e) shows, the refined results are achieved where the incorrect isochromatic fringe orders are eliminated, as compared to the evaluated fringe orders using Eq. (6) . Figure 3 (f) compares the evaluated fringe orders using Eq. (6) and the refined results obtained for the line cd in Fig. 3(a) . One can see that only the abrupt jump section of the results is modified, clearly illustrating the efficacy of the technique to eliminate peak errors while preserving the originally demodulated correct fringe orders. The theoretical results are shown in Fig. 3(f) , as well. The refined results obtained using the cubic polynomial curveguided method along line cd agree well with the theoretical results.
Capturing four phase-shifted images is difficult in dynamic applications. Researchers used a circular polariscope in the dark field under white light to obtain isochromatic fringe patterns in one image. The errors caused by the repetition of colors in the circular polariscope arrangement also can be eliminated using the proposed method. For the same specimen and loading conditions in a plate polariscope, a circular polariscope is performed following the arrangement of Ajovalsit et al. [12] . The fringe orders from the circular polariscope analysis along the same line as reported in Fig. 3(a) are shown in Fig. 3(g) .
The other problem of an injection-molded polycarbonate cover is used to explain the method. Injectionmolded articles usually possess residual stresses [19, 20] . The rectangular cover with a flat surface at the center part is shown in Fig. 5(a) (length 90 mm, breadth 55 mm, thickness 2 mm). A square area the size of 30 mm × 30 mm in the center part of the cover is chosen to evaluate the fringe orders. Initially, the isochromatic fringe is obtained using Eq. (5) and the fringe orders are calculated using Eq. (6), as shown in Fig. 5(e) . Then, the refined results achieved using the cubic polynomial guided method are shown in Fig. 5(f) . As Fig. 5(f) shows, the refined results are achieved where the most incorrect isochromatic fringe orders are eliminated, proving that the performance of the method is good for isochromatic fringe orders determination.
The polynomial curve-guided method is effective for continuous isochromatic determination. For the problems involved in complex fringe patterns, a higher-order polynomial is recommended and the threshold value is selected iteratively according to the results of the refinement. The choice of scanning direction in a given problem depends on the zone of noise and its shape. Our experiments show that the scanning direction perpendicular to the noise streaks is effective in reducing errors.
In conclusion, a new method is proposed for isochromatic determination in TFP. The refinement scheme developed using this method assures stress continuity and does not change the original values of the isochromatic fringe at the point of correct demodulation. Furthermore, the technology does not need to select any seed points to start refinement.
